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Anion and cation emission following water dissociation was studied for 6.6-keV 
16O+ + H2O collisions. Absolute cross sections for the emission of all positively and 
negatively charged fragments, differential in both energy and observation angle, were 
measured. The fragments formed in hard, binary collisions appearing in peaks were 
distinguishable from those created in soft collisions with many-body dynamics that 
result in a broad energy spectrum. A striking feature is that anions and cations are 
emitted with similar energy and angular distributions, with a nearly constant ratio of 
about 1:100 for H– to H+. Model calculations were performed at different levels of 
complexity. Four-body scattering simulations reproduce the measured fragment  
distributions if adequate kinetic-energy release of the target is taken into account. 
Providing even further insight into the underlying processes, predictions of a  
thermodynamic model indicate that transfer ionization at small impact parameters is 
the dominant mechanism for H+ creation. The present findings confirm our earlier 
observation that in molecular fragmentation induced by slow, singly charged ions, 
the charge states of the emitted hydrogen fragments follow a simple statistical  
distribution independent of the way they are formed. 
 
DOI: 10.1103/PhysRevA.100.032713         
 
I. INTRODUCTION 
The interaction between ions and molecu-
lar targets is an essential process in several  
areas of physics, biology, and chemistry.  
Understanding ion-induced molecular fragmen-
tation and its dynamics is a challenging prob-
lem, both experimentally and theoretically. The 
dissociation pathways and the energy and angu-
lar distributions of fragments ejected from the 
target molecule depend strongly on the energy 
and momentum transferred by the projectile to 
each target electron and nucleus, and on 
whether the collision involves excitation or 
electron removal via direct ionization, electron 
capture, or transfer ionization. 
Collision-induced fragmentation of water 
molecules by ion impact has received consider-
able attention in the last decades [1-16] mainly 
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because it is not only of fundamental interest 
but also important for many applications. Water 
is the main constituent of biological tissues and 
it is prominently present in the atmosphere of 
comets, moons, and planets. The wide range of 
circumstances in which ions interact with water 
molecules makes the study of collision-induced 
fragmentation of water essential in various 
fields of applied science, such as astrophysics, 
atmospheric research, biophysics, and plasma 
physics.  
The pioneering works of Werner et al. [2,3] 
investigated the fragmentation of isolated water 
molecules by the impact of bare and hydrogen-
like ions with incident energies ranging from a 
few tens to a few hundreds of keV/nucleon. 
These works provided total and partial  
fragmentation cross sections as well as partial 
cross sections for the production of individual 
cationic fragments. The total kinetic energy  
distribution of the ionized fragments was found 
to depend strongly on projectile species and  
incident energy. Gobet et al. [4,5] and Luna et 
al. [6,7] extended these studies by providing 
partial cross sections for fragmentation  
following electron capture and direct ionization 
events. More recent studies [17-24] gave  
evidence for multiple electron processes in H2O 
fragmentation by proton and He+ impact at  
energies ranging from 20 keV/nucleon to  
several MeV/nucleon. Other groups [10-16]  
focused investigations on the regime of lower 
incident energies, down to keV/nucleon and 
sub-keV/nucleon ranges. In this regime,  
measurements of absolute cross sections for 
fragment emission, differential in both emission 
energy and angle, provided further insight into 
the fragmentation mechanisms of Coulomb  
explosion and binary collisions [11-13,25-29]. 
The charged fragments investigated in the 
aforementioned studies are cations. For other 
molecular targets, a few studies reported ion- 
induced hydrogen anion formation in gentle, 
low-momentum transfer collisions [30-35].  
Recently, we have shown that anion creation is 
a more general process in molecular fragmenta-
tion induced by cation impact [36-38]. We 
found that anions are also created in hard  
collisions involving energetic encounters  
between two atomic cores (a “binary-encounter 
process”) at few-keV impact energies. Hydro-
gen anions were observed in the fragmentation 
of both H-containing projectile ions (in 7-keV 
OH+ + Ar and OH+ + acetone collisions [36,37]) 
and target molecules (in 7-keV OH+ + acetone 
[36] and 6.6-keV O+ + H2O [38] collisions). In 
our work on H2O fragmentation [38], full  
energy and angular distributions of the emitted 
anions were measured and analyzed in terms of 
a simple classical four-body Monte Carlo 
model. The relative contributions of the binary 
and many-body processes to anion production 
were also determined. 
The emission of energetic H– fragments has 
shown a simple statistical character in all the 
above cases. For collisions involving OH+  
projectiles, the angular-dependent yield of the 
H– fragments from the projectile is proportional 
to the calculated angle-differential cross section 
for the elastic scattering of an H atom on the 
target atom(s). In OH+ + acetone and in O+ + 
H2O collisions, the yields of fast H
– fragments 
from the target are proportional to the calcu-
lated recoil yields in O+ + H elastic scattering. 
A common feature of the production of fast  
hydrogen fragments in binary-encounter events 
was that the angle-differential cross sections of 
H– anions and H+ cations showed very similar 
angular dependence, as they are practically  
proportional to each other. This result suggests 
that the charge states of the outgoing high- 
velocity H fragments are statistically populated.  
A primary goal of this paper is to address 
the question of whether this statistical aspect 
holds for many-body processes, too. Here, we 
complement our previous study [38] devoted to 
the formation of anionic fragments from water 
molecules colliding with 6.6-keV O+ ions. We 
perform a comparative study of both anion and 
cation production following collision-induced 
molecular fragmentation. Specifically, our  
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earlier comparison between single-differential 
cross sections (SDCS) for H+ and H– formation 
in binary-encounter events [37,38] is extended 
to the comparison of double-differential cross 
sections (DDCS) for H+ and H– formation in 
both cases of binary and many-body processes. 
We show that both the kinetic-energy and  
angular distributions of the H+ fragments are 
very similar to those of the ejected H– ions,  
independently of whether these fragments are 
formed via binary or many-body processes. 
Another goal of this paper is to gain further 
insight into the processes behind the observed 
fragmentation spectra by using a recently  
developed statistical-type thermodynamic 
model [39] to calculate absolute DDCS for 
fragment emission and to compare with the  
experimental results. We adapted the model for 
the treatment of the triatomic H2O target taking 
into account its initial vibrational motion. The 
good overall agreement between model  
calculations and experiment over the entire  
angular and energy range allows for separate 
identification of different fragment-ion  
formation mechanisms and of the associated 
electronic processes. 
 
II. EXPERIMENTAL METHOD 
The molecular fragmentation experiments 
were performed with a conventional crossed-
beam setup installed at the ARIBE beamline at 
the Grand Accélérateur National d'Ions Lourds 
(GANIL) in Caen, France. The beam of 6.6-
keV  16O+ was supplied by an electron cyclotron 
resonance (ECR) ion source with a typical 
beam current of ~150 nA measured in a two-
stage Faraday cup. Following guiding into the 
experimental chamber, the beam passed 
through a jet of water vapor with a target 
density estimated to be about 1011 mole-
cules/cm3. Magnetic shielding reduced the 
Earth’s magnetic field to a few milligauss 
inside the chamber. 
Both negatively and positively charged 
fragments originating from the collision region 
were analyzed with kinetic energy by means of 
a single-stage, 45° electrostatic parallel-plate 
spectrometer (see Fig. 1). The spectrometer was 
mounted on a rotatable ring, thus allowing 
measurements at different observation angles 
(θ) relative to the incident ion beam direction, 
with an angular acceptance of 2°. The energy 
resolution of the spectrometer was 5%. Further 
details of the experimental method and data 
analysis can be found in Refs. [37,40,41]. 
 
 
Figure 1. (Color online) Scheme of the electrostatic ana-
lyzer equipped with magnetic filters at its entrance and 
exit. Electrons are deflected so that only anions reach the 
detector. (Reprinted from Ref. [38] with permission). 
 
In order to avoid the undesired electron 
contributions in the anion fragment spectra, 
magnetic filters were applied at two points 
along the path of the fragments traveling 
through the spectrometer (see Fig. 1). Electrons 
emerging from the collision region were 
deflected by applying a 10-4 T magnetic field ?⃗? 1 
in front of the entrance slit of the analyzer. This 
field prevented electrons up to 2 keV from 
entering the analyzer. Secondary electrons 
originating from the analyzer were filtered out 
by an additional magnetic deflection field ?⃗? 2 
between the exit slit of the analyzer and the 
Channeltron detector. Each of the magnetic 
filters was provided by a pair of coils, designed 
to minimize the stray magnetic fields inside the 
analyzer. Doubly differential fragment-ion 
emission cross sections both for cations and 
anions have been determined by a standard 
normalization procedure given in Ref. [37]. 
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In order to obtain the relative contributions 
of the different fragment-ion species, comple-
mentary time-of-flight (TOF) measurements 
were performed using the same apparatus. 
These TOF measurements were also used to 
confirm the sufficient reduction of electron con-
tamination in the low-energy anion spectra. The 
incident ion beam was pulsed with a period of 
60 μs and pulse duration of 2 μs. The time of 
flight of the charged fragments from the  
collision region to the Channeltron detector was 
measured by setting the spectrometer to a  
selected detection energy. The flight distance 
was ~200 mm. At this distance, the pulse  
duration of 2 µs was short enough to separate 
the hydrogen ions from the oxygen-containing 
ions at emission energies ranging from 3 to 
25 eV. To keep a satisfactory signal-to-noise 
 ratio, no attempt was made to reduce the pulse 
duration below 1 µs for a separate identification 
of the O, OH, and H2O components of the  
detected oxygen-containing ions. 
 
III. RESULTS 
A. DDCS for anion and cation emission 
Figures 2(a) and 2(b) show experimental 
double-differential cross sections for anion and 
cation emission, respectively, in 6.6-keV 
16O+ + H2O collisions. These differential cross 
sections are displayed as a function of the  
fragment kinetic energy (per charge unit) for 
various observation angles with respect to the 
beam direction. Fragments emitted in the  
forward (resp., backward) direction are  
observed at angles lower (resp., larger) than 
90°.  
The main component of each spectrum is a 
broad, slowly decreasing structure, which we 
refer to as the continuous spectrum. For both 
anion and cation emission, the continuous  
spectra maximize at low emission energies. 
There, the relative contributions of the light H 
ions and the heavy oxygen-containing  
fragments (ionic O and OH species) were de-
rived from TOF measurements. In Figs. 2(a) 
and 2(b) these H and O contributions are  
depicted by means of red circles and green  
diamonds, respectively. Comparison of these 
data reveal the following features:   
(i) For both anion and cation emission, the  
relative contribution due to H ions is larger than 
that due to O-containing fragments.  
(ii) The low-energy H+ and H– fragments are 
emitted with very similar energy and angular 
dependences. This is also the case for positively 
and negatively charged oxygen-containing 
fragments.   
(iii) The angular distribution of slow oxygen 
fragments (both anions and cations) is aniso-
tropic, with a maximum centered near 85°–90°. 
This behavior has been reported for binary  
collisions, where the slowest recoil ions move 
almost perpendicularly to the projectile trajec-
tory. This is consistent with the picture that the 
collision of the projectile with the target oxygen 
atom is close to a pure binary encounter, in 
which the light hydrogen atoms play a minor 
role.   
(iv) The angular distribution of slow hydrogen 
fragments (both H+ and H–) is nearly isotropic. 
This finding indicates that emission of these 
light fragments is far from being exclusively 
governed by binary collisions with the heavy 
projectile. 
We note that the role of many-body  
dynamics in low-energy H emission is expected 
to be significant due to the perturbation induced 
by the heavy target oxygen atom on the trajec-
tories of light H fragments. This picture is  
supported by the fact that the H+ and H– energy 
spectra resemble those of slow electrons  
emitted in ion-atom collisions [42]. 
At higher emission energies, pronounced 
peaks appear in both anion and cation spectra 
[Figs 2(a) and 2(b)], but only at forward obser-
vation angles (< 90°). The mean energy of these 
peaks decreases strongly with increasing angle 
𝜃, following a cos ²(𝜃) law. From a kinematic 
calculation assuming an elastic two-body  
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collision between the projectile and a single  
target atom, the peak at lower energy (in red) is  
assigned to H– [Fig. 2(a)] or H+ [Fig. 2(b)] and 
the other peaks (in green) to oxygen-containing 
anions [Fig. 2(a)] or cations [Fig. 2(b)]. These 
ions are recoil ions formed in hard binary  
collisions occurring at small impact parameters 
with a large momentum transfer. As one of the  
receding target atoms leaves the collision  
complex it may either capture enough electrons 
to become an anion (or to be neutral) or lose 
electrons to become a cation.  
Since the kinetic energy of recoil fragments 
formed in hard two-body collisions barely  
depends on their final charge state, the measure-
ment of their energy per charge unit allows for 
identification of singly and doubly charged  
oxygen cations, as shown in Fig. 2(b). We note 
that in a binary O-O collision the scattered  
projectile may also either capture electrons or 
be ionized, and thus contribute to the oxygen 
peaks, both in the anion and cation spectra.  
The mass distribution of the cationic  
oxygen-containing species (O, OH, H2O) may 
differ from that of the anionic ones. However, 
as noted above, the present experiment was not 
dedicated to the measurement of the mass  
distribution of the heavier oxygen species. 
Thus, in this paper, no attempt is made for a  
further detailed comparison between the  
cationic and anionic oxygen contributions. 
 
 
Figure 2. (Color online) Full curves: DDCS for anion (a) and cation (b) emission in 6.6-keV 16O+ + H2O collisions at 
the indicated observation angles. These cross sections are doubly differential in emission energy and solid angle. For 
graphical reasons, each spectrum is multiplied by the indicated factor. Fragments formed in many-body collisions are 
observed in the slowly decreasing “continuous” part of the spectra (full and dashed curves in black). Fragments created 
in binary-encounter collisions appear in peaks. The shifts of the peak centroids toward lower energies at larger angles 
are graphically emphasized by the colored dash-dotted curves. The points at lower energies give the relative contribu-
tions due to hydrogen ions (red circles) and oxygen-containing ions (green diamonds) from TOF measurements.  
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B. Comparison of H+ and H– energy  
distributions 
The similarity between the energy distribu-
tions of H+ and H– fragments is further high-
lighted in Fig. 3. This figure shows the DDCS 
for anion and cation emission in 6.6-keV 
16O+ + H2O collisions at observation angles of 
60° (top) and 75° (bottom).  
Figure 3. (Color online) Full curves: DDCS for anion 
and cation emission in 6.6-keV 16O+ + H2O collisions at 
the observation angles of 60° (top) and 75° (bottom). The 
points (red circles) at lower energies show the relative 
contributions due to hydrogen fragments (H+ or H–).  
 
At each observation angle, the energy  
distributions of cations and anions are largely 
similar as the DDCS for H+ and H– production 
are about proportional. The H–/H+ ratio is in the 
range of about 0.5%–1% over the entire emis-
sion energy range investigated here. As can be 
seen in Fig. 3 when comparing data at 60° and 
75°, the energy distributions at different angles 
can differ significantly. The close similarity of 
the H– and H+ spectra, however, holds at all the 
angles explored here (Figs. 2 and 3). In the next 
subsection, we illustrate quantitatively this  
feature by comparing the H+ and H– angular  
distributions at selected emission energies. 
 
C. Comparison of H+ and H– angular  
distributions 
In our previous studies on different molec-
ular collisions at the same velocity [37,38], we 
pointed out the similarity between H+ and H– 
emission in the particular case of hydrogen 
emission in hard binary-encounter collisions  
involving large momentum transfer to H cores 
at small impact parameters. In the present 
study, we extend the comparison between H+ 
and H– emission to the case of soft many-body 
collisions involving low-momentum transfer at 
large impact parameters.  
For these soft collisions, the top part of 
Fig. 4 shows the angular distribution of the 
DDCS for H+ and H– formation at the three 
emission energies of 5, 7.5, and 10 eV. The  
bottom part of Fig. 4 displays the ratio between 
the H– and H+ DDCS shown in the top part of 
the figure. At each emission energy both H– and 
H+ angular distributions are only weakly aniso-
tropic with a broad maximum around 80°–90°. 
At energies lower than ~10 eV, the H– and H+ 
DDCS vary by less than a factor of 3 in the  
40°–140° angular range. 
The similarity between the H– and H+  
angular distributions is further highlighted by 
the fact that the H–/H+ DDCS ratio is constant 
within the error bars at a given emission energy, 
equal to about 0.5%–1%. The same conclusion 
applies at larger emission energies, such as 15 
and 25 eV (not shown), but lower cross sections 
at these energies led to lower count rates, and 
thus, to larger error bars. These results show 
that the H–/H+ DDCS ratio barely depends on 
the emission energy and angle in the case of soft 
many-body collisions.  
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Figure 4. Top: Angular distribution of the DDCS for H– (open circles) and H+ (full circles) emission in 6.6-keV 
16O+ + H2O collisions at the energies of 5 eV (left), 7.5 eV (middle) and 10 eV (right). Only relative error bars due to 
statistical uncertainties are shown. Bottom: Ratios between the experimental H– and H+ DDCS shown in the top part. 
 
  
On the other hand, hard binary-encounter 
collisions lead to the emission of fast H+ and H– 
recoil ions (Figs. 2 and 3). In Fig. 5, we recall 
our previously published results on the angular 
dependence of single-differential cross sections 
(SDCS) for H– and H+ emission from H2O via 
binary processes [38]. The angular dependence 
of these cross sections is compared with the  
theoretical cross section (see Ref. [36]) for the 
elastic recoil of an H atom by the impact of an 
O atom [Fig. 5(a)]. The theoretical curves 
match the experimental data when multiplied 
by appropriate factors. These factors represent 
the relative populations of the different charge 
states of H fragments. It was found that 
(0.7 ± 0.4)% of the ejected H atoms becomes 
H– and (60 ± 33)% of them becomes H+. The 
SDCS H–/H+ ratio is about constant, with an  
average value of ~1% [Fig. 5(b)]. 
The present results for H– emission via 
many-body processes (Fig. 4) generalize our  
recent findings for H– emission via the binary 
process in 6.6-keV O+ + H2O collisions [38], as 
well as in other molecular collisions at the same 
velocity [36,37]. Namely, the relative popula-
tions of the different charge states of the hydro-
gen fragments do not depend significantly on 
the emission angle, the impact parameter, or the 
momentum transferred between the collision 
partners. This finding suggests that the charge-
state distribution of the hydrogen fragments is 
akin to a statistical distribution, whether these 
fragments are formed via the binary process or 
via many-body processes. This statistical aspect 
likely stems from the fact that the number of 
possible final charge states for the outgoing 
fragment is very limited compared to the  
number of electronic transitions which may  
occur in each collision. 
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Figure 5. (Color online) (a) SDCS for H– (open circles) 
and H+ (full circles) emission via the binary-encounter 
process as a function of the observation angle. These 
cross sections are differential in the emission solid angle. 
Only relative error bars due to statistical uncertainties are 
shown, except the rightmost points, where a larger uncer-
tainty stems from the overlap of peak structures. Red 
curves: calculated SDCS for two-body elastic recoil of H 
atoms by 6.6-keV oxygen impact, multiplied by factors 
representing the fraction of the different charge-state 
components. (b) Ratio between the experimental H– and 
H+ SDCS reported in (a). (Reprinted from Ref. [38] with 
permission).   
 
 
D. Total cross sections 
Total cross sections are obtained by  
integrating the double-differential cross  
sections over energy and solid angle (Fig. 2). 
The total fragmentation cross sections for anion 
and cation formation in 6.6-keV 16O+ + H2O  
collisions are found to be (5 ± 3) × 10-18 cm2 
and (6 ± 3) × 10-16 cm2, respectively. In prin- 
ciple, this evaluation requires an accurate  
measurement of the contribution due to the 
slowest fragments, but this is challenging as 
 
 
their detection may be altered by stray fields. 
Here, we extrapolated the energy spectra by  
assuming a constant DDCS in the energy range 
from 0 to 2 eV. In this case, the relative contri-
bution of the extrapolated part is about 10 %. 
This value may be considered as a lower limit 
since formation of sub-eV recoil fragments in 
soft binary collisions may result in higher 
DDCS values near 90°. After integration over 
energy, the cross section, differential in solid 
angle, is found to be anisotropic, with a  
maximum at about 90°. This is true for both  
anion and cation emission. If isotropic,  
fragment emission in the angular range from 
40° to 140° would represent 77% of the total 
cross section. But here, the observed anisotropy 
makes the relative contribution of this angular 
range larger, on the order of 90%. 
 
For both anion and cation emission, the 
TOF measurements show that about two-thirds 
of the detected fragments are hydrogen ions. 
Hence, the total cross section for producing H– 
ions in the present collision is estimated to be 
~3 × 10-18 cm2, while it is ~4 × 10-16 cm2 for H+ 
ions. By integrating the continuous part of the 
spectra over energy and angle, we find that 
ionic fragment formation via many-body  
processes accounts for about 90% of the total 
cross section, independently of whether the 
ejected fragments are positively or negatively 
charged. 
 
Total cross sections for dissociative  
electron attachment (DEA) to water in the gas 
phase were previously measured as a function 
of the kinetic energy of the incident electrons 
[43]. The present data show that cross sections 
for cation-induced anion emission from H2O 
can be as large as those for anion formation by 
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IV. MODEL RESULTS AND DISCUSSION 
The multielectronic character of collision 
processes impedes the development of a  
rigorous theory of molecular fragmentation in 
ion-molecule collisions. We thus performed  
numerical simulations to interpret the experi-
mental data. In a first approach, we derived 
fragment emission yields from simplistic four-
body scattering simulations. The method is the 
same as the one used in Ref. [38]. Then, in a 
second approach, we applied the statistical-type 
thermodynamic model developed in Ref. [39] 
to calculate absolute DDCS for fragment  
emission and to compare with the experimental 
results. Here, since the oxygen-containing  
species (O, OH, H2O) are not separately identi-
fied experimentally, the comparison between 
simulations and experiment focuses only on the 
emission of H+ and H– fragments. 
A. Four-body scattering simulations 
We performed numerical simulations of 
the trajectories of the fragments by assuming a 
two-body interaction between each pair of  
atoms. For each pair, an ab initio calculation  
using the MOLPRO code [36,44] provided the 
interaction potential as a function of the inter-
nuclear distance. The two-body potentials refer 
to the ground-state energy of the diatomic  
subsystems as a function of the interatomic  
distance. The trajectories of the four atomic 
cores of the present collision system were  
calculated by solving the coupled Newton  
equations of motion. The initial position of the 
projectile and the initial orientation of the target 
molecule were randomly defined. Moreover, 
each target atom was assumed to be initially at 
rest and the initial O-H distance and H-O-H  
angle (in H2O) were set equal to their  
equilibrium values. Hence, the model has four 
random parameters to define the initial condi-
tions of each simulated collision. The energy 
and angular distributions of the different atomic 
cores were then determined by simulating a 
large number of collisions (~3 × 106).  
In principle, these numerical simulations 
can only provide insights into the dynamics of 
the atomic cores, as they do not provide infor-
mation about their final charge state. However, 
we took advantage of the fact that the anion and 
cation signals are about proportional to extract 
from these simulations approximate cross  
sections for emission in a particular charge 
state. To do so, we multiplied the cross sections 
obtained from the simulation by an appropriate 
constant factor that depends on the charge state 
of the emitted atomic cores. To ensure that the 
intensity of the calculated binary peaks matches 
the experimental results, we multiplied the  
calculated hydrogen emission cross sections by 
either the H– fraction (0.7 × 10-2) or the H+  
fraction (60 × 10-2) derived from Fig. 5.  
For an initial test, we performed a simula-
tion in which no electronic excitation was taken 
into account. The H– and H+ emission DDCS 
obtained in this test calculation are displayed 
with dotted curves in Figs. 6(a) and 6(b),  
respectively. First, for both H– and H+ emission, 
the calculated high-energy peak is narrower 
than the experimental one. This disagreement 
suggests that excitation and ionization  
processes cannot be neglected as they may  
affect the energy (and angular) distribution of 
both H– and H+ fragments formed in hard  
binary-encounter collisions. Secondly, at lower 
emission energies, both calculated H– and H+ 
cross sections are significantly smaller than the 
experimental ones. Indeed, in the simulated soft 
collisions occurring at impact parameters larger 
than ~1 atomic unit (a.u.) (relative to the active 
H core), the kinetic energy transferred to the H 
cores is generally lower than the dissociation 
energy of the OH bonds of H2O in its ground 
state. Consequently, this test simulation led to 
the result that less than 10% of the OH bonds 
are broken in such soft collisions, thus leading 
to underestimated cross sections at the lowest 
emission energies. This result suggests that the 
formation of dissociative states is required for 
an efficient OH bond breaking in soft collisions 
at large impact parameters. 
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Figure 6. (Color online) Comparison between experimental DDCS and four-body scattering simulations for hydrogen 
fragment emission at the indicated observation angles in 6.6-keV 16O+ + H2O collisions. Open circles: Simulated 
energy distribution of the H– (a) and H+ (b) fragments at different angles with KER. Dotted curve: Same without 
KER. Full curve: Experimental DDCS for anion (a) and cation (b) emission. Red, full circles: Experimental H– (a) 
and H+ (b) contributions from TOF measurements. Each spectrum is multiplied by the indicated factor. 
 
 
Electronic processes such as dissociative 
excitation and ionization may result in kinetic-
energy release to the atomic cores of the  
molecular target [45]. Therefore, we performed 
an additional and more realistic simulation by 
introducing kinetic-energy release (KER) into 
the model for the closest-approach collisions 
with impact parameter ranging from 0 to 3 a.u. 
Since a large variety of excitation processes can 
occur in energetic collisions involving many  
atoms, the number of dissociative channels can 
be extremely large. Hence, the KER is likely to 
be of statistical character. Previous measure-
ments on ion-induced dissociation of H2O  
molecules show that the kinetic energy released 
in the cleavage of an OH bond is on the order 
of 5 eV and can even exceed 20 eV when highly 
excited states are involved [26]. To reasonably 
match these previous data in our simulations, 




KERHvm ) is a random variable with a  
Gaussian distribution centered at 5 eV with a 
standard deviation of 4 eV, independently of 
the impact parameter 𝑏. Hence, the model has 
three adjusting parameters, i.e., the condition 
𝑏 ≤ 3 a.u. for introduction of KER and the 
mean and the standard deviation of the KER 
distribution. As negative KER values were  
excluded here, the KER value ranged from 0 to 
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10 eV in 88% of the simulated collisions, while 
KER values larger than 15 eV occurred in less 
than 0.7% of the simulated events. As in 
[37,38], KER is introduced by adding a velocity 
component along the OH axis, KERv

, to the  
velocity of the H atom when the distance  
between the projectile and the active H atom is 
minimum. 
The H– and H+ emission DDCS obtained in 
this latter simulation are displayed by means of 
open circles in Figs. 6(a) and 6(b), respectively. 
Though only a qualitative description was  
expected from this simulation, it appears that 
the introduction of an approximate KER  
distribution leads to a satisfactory overall  
agreement with the experiment. Deviations  
observed in the intermediate energy part at the 
most forward (and possibly the most backward) 
angles may stem from the different approxima-
tions of the model in which a simple Gaussian 
KER distribution is introduced and in which the 
vibrational motion of the H2O molecular target 
is neglected within the initial conditions. In the 
high-energy part, the introduced KER increases 
the width of the simulated recoil peaks, so that 
the calculated H– and H+ recoil peaks reproduce 
fairly well the experimental ones. We note that 
a KER of a few eV can indeed significantly 
broaden the H recoil peaks, even if these peaks 
appear at energies of several hundreds of eV 
[46]. Moreover, at low emission energy the  
introduced KER strongly enhances the simu-
lated cross sections, so that the calculated 
curves agree satisfactorily with the data points 
obtained from TOF measurements. According 
to the present simulations, without kinetic- 
energy release due to electronic excitation or 
ionization, both total cross sections for H+ and 
H– emission would be about three times 
smaller. We therefore conclude that – via  
subsequent kinetic-energy release – electronic 
excitation and ionization processes play a  
crucial role in both H+ and H– formation. 
 
 
B. Thermodynamic model 
In order to explain in more detail the  
processes behind the observed fragment  
spectra, we used a recently developed model for 
molecular collisions [39], which is able to  
provide absolute cross sections for emission of 
fragment ions including anions.  
Briefly, the model attributes thermal  
probabilities for the different transient excited 
states of the collisional quasimolecule. The  
energy levels of the quasimolecule are obtained 
from ab initio calculations when available or 
otherwise estimated within the framework of a 
screened charge potential approximation, and 
the motion of the atomic centers is determined 
classically. More information about the model 
can be found in [39].  
In the present calculations slight modifica-
tions were implemented. The vibrational  
motion of the H2O molecular target was taken 
into account within the initial conditions of the 
simulation. This has a significant effect on the 
energy distribution of the fragments of the  
target. The energy of the fragments is primarily 
determined by the internuclear distances  
between the cores of the molecule, which are 
significantly influenced by the vibrations. 
Therefore, the initial positions and velocities of 
atomic centers of the H2O target molecule were 
chosen considering the three vibrational modes 
of the molecule with random phase and energy 
equal to the corresponding quantum mechanical 
zero-point energy. Another change in the model 
was performed in the applied screened charge 
potential approximation for the electronic  
energy levels of the quasi molecule. For excited 
states, where ab initio potentials were not  
available, the screening radii of the atoms or 
atomic ions were obtained by Slater’s rules 
[47]. The potential curves for the first few  
levels of the diatomic subsystems, however, 
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The obtained H– and H+ fragment spectra 
at different observation angles are plotted in 
Fig. 7 in comparison with the experimental  
results. The shape of the obtained curves shows 
a high degree of similarity on the low-energy 
side. On an absolute scale, theory and  
experiment agree within a factor of 2 for H+ 
emission, but the calculated H– cross sections 
are about one order of magnitude lower than the 
experimental ones. 
For smaller systems including two or three 
atoms, better agreement was found earlier for 
anion production [39]. Here, besides larger 
complexity of the system, the reason for the  
discrepancy is probably due to the inaccuracies 
in the applied screened charge potential  
approximation for those pair potential energy 
curves which involve the H– anion. More  
precise calculations would require better  
approximations of the potential curves.  
Unfortunately, the resulting longer computa-
tional times currently exceed our computational 
limits.   
Note that the statistics in the binary peaks 
is low due to the limited number of trajectories 
(96 000). Thus, binary processes will not be  
further discussed within this model. Moreover, 
the high-energy part of the spectra in Fig. 7  
generally suffers from poor statistics, which  
results in apparent dips or peaks in some cases.  
For H+ formation, it seems that the model 
describes well the dissociation probability of 
the target and the KER obtained by the  
fragments, which have to be introduced by hand 
in the four-body scattering calculation.  
Moreover, the model enables one to distinguish 
between the different output channels.  
The results of the model show that the  
overwhelming majority of the produced H+ ions 
stems from a transfer-ionization process in 
which an electron is captured by the projectile 
and an electron is removed from the target to 
the continuum at the same time. The latter  
ionization process may be viewed as an  
excitation to the continuum. Moreover, the  
ionized molecular target may be left in an  
electronic excited state. These “excitations” 
contribute to the KERs of the ejected fragments. 
The present calculations show that transfer  
ionization has a high probability of 0.7 within  
1 a.u. of the impact parameter and it declines 
fast to zero as the impact parameter further  
increases. Pure single-capture and single- 
ionization processes are presently found to give 
negligible contribution to the fragment-ion 
spectra. This is reasonable since those  
processes leave behind a singly ionized target 
which does not dissociate when created in its 
ground state. Multiple ionization or capture 
processes are found to be rare events in the  
calculations. 
The results of this statistical-type model exhibit 
a high level of similarity between the shapes  
of the anion and cation spectra, as observed  
experimentally. It confirms our conjecture that 
the charge state of the emitted fragment ions is 
governed by simple statistical laws [36-38]. In 
the model, this statistical aspect results from 
thermal population of electronic energy levels 
of the collisional complex. The practical upper 
limit of the excitation energy that needs to be 
considered in the calculations is determined by 
the characteristic temperature of the thermal 
distribution. Within the simulations, this  
temperature nearly reaches 9.3×104 K (80 eV) 
at maximum in close-approach collisions. This 
may give a hint for other possible ab initio  
calculations, too, that the sufficient set of  
electronic energy levels describing collision- 
induced ion formation may extend to 80 eV 
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Figure 7. (Color online) Comparison between experimental DDCS and calculations by the thermodynamic model for 
hydrogen fragment emission in 6.6-keV 16O+ + H2O collisions at the indicated observation angles. Open circles: Cal-
culated energy distribution of the H– (a) and H+ (b) fragments obtained within the framework of the thermodynamic 
model; dashed lines are to guide the eye. Full curve: Experimental DDCS for anion (a) and cation (b) emission.  
Red, full circles: Experimental H– (a) and H+ (b) contributions from TOF measurements. Each spectrum is multiplied 
by the indicated factor. 
 
V. MANY-BODY PROCESSES VERSUS 
COULOMB EXPLOSION IN DIFFERENT 
COLLISION SYSTEMS 
 
In this section we focus on the mechanisms 
underlying the formation of low-energy cation 
fragments. Prior to this work, fragmentation of 
water by high-energy singly charged projectiles 
and low-energy highly charged ions was  
compared and the DDCS fragment spectra were 
found to be similarly structured [29]. The  
observed peak structures were explained by 
Coulomb explosion of the multiply charged  
target molecule left after the collision, even 
though the ionization mechanisms were  
different in the two cases.  
Peaks may appear in energy spectra when 
the electron removal is sudden (transitions of 
Franck-Condon type during which the target 
nuclei can be considered as fixed) and when  
the motion of the ejected fragments is not  
significantly affected by their interaction with 
the projectile. The higher the charge state of the 
ionized H2O target, the higher the average  
kinetic energy of the ejected H+ fragments. 
Multiple ionization of the target can result from 
multiple electron capture processes in collisions 
involving slow, highly charged ions. Multiple 
electron removal can also be induced by ioniza-
tion and excitation processes in fast collisions, 
at velocities larger than 1 a.u.  
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The presently obtained energy spectra of 
cations show a striking difference from those 
obtained in collisions involving projectiles of 
higher charge or higher energy [25-29], as 
shown in Fig. 8. Here, comparison is made with 
650-keV N+ and 70-keV O7+ projectiles in the 
fragment energy range for soft processes at  
observation angles close to 45°. In the present 
case with 6.6-keV O+ projectiles, no peak struc-
tures are visible in the fragment spectra. This is 
the signature of many-body processes, which 
smear out the structures. Namely, the projectile 
ion as a third body may have significant  
influence on the Coulomb exploding pair of 
ionized target fragments. This is supported by 
the thermodynamic model as it shows that  
fragmentation is mostly due to transfer ioniza-
tion at relatively small impact parameter  
collisions below 1 a.u.  On the contrary,  
multiple electron capture by highly charged 
ions occuring in large impact parameter  
collisions and multiple ionization by fast 
dressed projectiles imply a brief interaction 
with the target, so that the projectile has little 
influence on the Coulomb explosion of the  
target in these cases. The latter is true even if, 
according to classical trajectory model calcula-
tions (CTMC), multiple ionization induced  
by fast, singly charged projectiles results  
from close collision events at small impact  
parameters [29].  
We note that the impact parameter of 1 a.u. 
is still significantly larger than the typical one 
for binary processes. (The peaks due to direct 
binary processes appear at significantly higher 
energies than those shown in Fig. 8.) However, 
in the impact parameter range around 1 a.u., the 
direct momentum transfer to the target nuclei is 
comparable to that gained from Coulomb  
explosion. Hence, though not as strongly as in 
binary collisions, direct collisional momentum 
transfer can significantly influence the spectra 
presented in Fig. 8. 
 
Figure 8. Energy distribution of the H+ cations ejected 
from H2O by ion impact at 45° (50° for O+ projectile). 
Red squares: for 6.6-keV O+ +H2O collision, present 
work. Open triangles: for 650-keV N+ +H2O collision 
from [29]. Circles: for 70-keV O7+ +H2O collision from 
[29]. 
 
It is surprising that collisions with low- 
energy singly charged ions lead to significant 
H+ emission above 60 eV because such high-
energy H+ ions are associated with the removal 
of five or six electrons from the target H2O  
molecule in the case of high-energy or multiply 
charged ions [27,29]. However, as suggested by 
the thermodynamic model, slow, singly 
charged ions are unlikely to eject so many  
electrons from the target. Instead, the high  
fragment energies may stem from the excitation 
of the target or by the influence of the projectile 
on the fragmentation rather than from a pure 
Coulomb explosion (see above). We also note 
that anion emission cannot result from a pure 
Coulomb explosion of a positively charged 
complex.  This interpretation in terms of target 
excitation and momentum transfer from the 
projectile is also supported by the structural 
similarity of both the measured and the  
calculated cation and anion spectra (see Figs. 2, 




           Z. Juhász et al., Phys. Rev. A 100, 032713 (2019) 
VI. SUMMARY AND CONCLUDING  
REMARKS 
We have investigated the formation of an-
ion and cation fragments in 6.6-keV 16O+ + H2O 
collisions, both experimentally and theoreti-
cally. The experimental setup allowed the 
measurement of absolute cross sections for the 
emission of all positively and negatively 
charged ion fragments differential in energy 
and observation angle. The most striking  
finding is that the entire kinetic-energy and  
angular distributions of the cation fragments are 
very similar to those of the ejected anions. The 
main component of the energy distribution of 
the fragments is broad and slowly decreasing 
with energy. These fragment ions originate 
from soft many-body processes. At forward  
angles (< 90°), the pronounced peaks observed 
at higher energies are due to recoil fragments 
formed in hard binary collisions occurring at 
small impact parameters.  
The fact that the double-differential cross 
sections for H+ and H– formation are nearly  
proportional at all angles and over the entire 
emission energy range shows that the relative 
populations of the different charge states of the 
hydrogen fragments do not depend significantly 
on the emission angle, the impact parameter,  
or the momentum transferred between the  
collision partners. This finding suggests that the 
charge-state distribution of the hydrogen  
fragments is akin to a statistical distribution,  
independently of whether these fragments are 
formed via binary or many-body processes. 
To interpret the experimental findings, we 
performed model calculations with a full  
description of the core-core interactions,  
including the kinetic energy released in  
electronic excitation and ionization processes. 
Simulations within a simplistic four-body  
scattering model suggest that electronic excita-
tion and/or ionization processes play a crucial 
role in both H+ and H– formation.  
For a deeper insight into the fragmentation 
mechanisms and their related electronic  
processes, we performed further calculations 
within the statistical thermodynamic model. 
These calculations reproduce the characteristic 
features of the doubly differential spectra. 
Moreover, the model shows that the over-
whelming majority of the produced H+ ions 
stems from transfer-ionization processes occur-
ring at impact parameters smaller than 1 a.u. 
According to the model, transfer ionization 
mainly occurs in soft many-body processes in 
which H2O fragmentation by slow O
+ impact is 
not exclusively governed by the Coulombic  
intramolecular repulsion following electron  
removal, but also by short-distance interactions 
between the projectile and the atomic cores of 
the target. This explains why the energy spectra 
of the fragments exhibit a smooth distribution 
contrary to the case of fragmentation by high-
charge-state or high-energy projectile ions. 
Lastly, we note that it is important to  
treat anion emission as a standard channel in 
molecular collisions, even if its yield is  
relatively small. This is relevant in many cases 
since slow anions are generally highly reactive 
species that may chemically affect the media in 
which they are formed. 
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